To investigate the biological functions of phytochromes in monocots, we generated, by electric discharge particle bombardment, transgenic rice (Oryza sativa cv Culfmont) that constitutively expresses the oat phytochrome A apoprotein. l h e introduced 124-kD polypeptide bound chromophore and assembled into a red-and far-red-light-photoreversible chromoprotein with absorbance spectra índistinguishable from those of phytochrome purified from etiolated oats. Transgenic lines expressed up to 3 and 4 times more spectrophotometrically detectable phytochrome than wild-type plants in etiolated and green seedlings, respectively. Upon photoconversion to the far-red-absorbing form of phytochrome, oat phytochrome A was degraded in etiolated seedlings with kinetics similar to those of endogenous rice phytochromes (half-life approximately 20 min). Although plants overexpressing phytochrome A were phenotypically indistinguishable from wild-type plants when grown under high-fluence white light, they were more sensitive as etiolated seedlings to light pulses that established very low phytochrome equilibria. lhis indicates that the introduced oat phytochrome A was biologically active. Thus, rice ectopically expressing PHY genes may offer a useful model to help understand the physiological functions of the various phytochrome isoforms in monocotyledonous plants.
sized in the Pr form, which is biologically inactive in most cases. They become active upon conversion to Pfr by R. Because conversion back to Pr by FR abrogates many phytochrome-controlled responses, the photoreceptors are uniquely able to act as reversible switches in morphogenesis. The molecular mechanism(s) of phytochrome action remains to be defined, but a variety of studies have implicated signal transduction cascades involving protein phosphorylation (Vierstra, 1993, and refs therein; Biermann et al., 1994) and heterotrimeric G protein activation of both cGMP-and Ca2+ / calmodulin-dependent pathways (Neuhaus et al., 1993; Bowler et al., 1995) .
Phytochromes are encoded by a multigene family in higher plants (Pratt, 1995; Quail et al., 1995) . The bestcharacterized family is from Arabidopsis, in which five active genes have been cloned (PHYA to PHYE; [Sharrock and Quail, 1989; Clack et al., 19941) . Counterparts to severa1 of these Arabidopsis PHY genes have been identified in other plants including oat, rice (Oryza sativa), tomato, and potato (Hershey et al., 1985; Kay et al., 1989a; Heyer and Gatz, 1992; Cordonnier-Pratt et al., 1994) . Within a single plant, the various phytochrome isoforms can differ in amino acid sequence identity by >50%. Consistent with this sequence divergence, each phytochrome isoform appears to have distinct biochemical properties, in vivo stability, and / or physiological functions. The most striking differences between phytochrome A and phytochromes B and C are their relative expression levels and stability as Pfr (Furuya, 1993; Vierstra, 1994; Quail et al., 1995) . Because PHYA genes are actively expressed in the dark and the resulting chromoprotein is stable as Pr, phytochrome A accumulates to high levels in etiolated plants. This high leve1 decreases dramatically (as much as 1000-fold in oat [Wang et al., 19931) during the developmental transition to green plants; this decrease is caused by the rapid degradation of phytochrome A as Pfr and the ability of Pfr to repress subsequent PHYA gene transcription. In contrast, phytochromes B and C are present at low levels in both Plant Physiol. Vol. 109, 1995 etiolated and green plants, because of low constitutive synthesis from their corresponding genes and the stability of both their Pr and Pfr forms.
The various isoforms of phytochrome also control distinct aspects of photomorphogenesis. These assignments have been made in dicotyledonous species through the analysis of plants either containing lesions in specific PHY genes or having elevated levels of specific phytochromes generated by introduction of additional PHY genes (for reviews, see Cherry and Vierstra, 1994; Koorneef and Kendrick, 1994; Quail et al., 1995) . Under conditions in which the phytochrome mutants are deficient in their responsiveness to light, the phytochrome overexpressors are hypersensitive. Studies of several dicotyledonous species indicate that phytochrome A regulates seed germination and inhibits hypocotyl growth under FR, whereas phytochrome B affects the same responses but under R (Somers et al., 1991; Parks and Quail, 1993; Reed et al., 1994) . In green plants, phytochrome B also regulates stem elongation in response to the R:FR ratio and end-of-day FR (Nagatani et al., 1991a; McCormac et al., 1993) . Both phytochromes A and B affect the timing of floral initiation and are required for full induction of Chl alb-binding protein gene transcription in R (Reed et al., 1994) . Although phytochromes C, D, and E have not been well characterized, these isoforms likely have distinct functions in photoperception and may overlap with those controlled by phytochromes A and B. Thus, through the concerted action of the various phytochrome isoforms, dicotyledonous plants integrate various light signals to help provide a coordinated pattern of photomorphogenesis.
Even though much is known about the specific functions of the various phytochromes in dicots, little is understood in monocots, partly because few mutants have been identified and because methods to stably introduce PHY genes into monocots have only recently become available (Christou et al., 1992) . In Sorgkum bicolor, one mutant has been identified that is deficient in a light-stable form of phytochrome, possibly phytochrome B (Foster et al., 1994) . This mutant grows abnormally tall, contains high GA, levels, and flowers early, implicating a B-type phytochrome in these responses.
In an attempt to expand the repertoire of monocot plants with altered phytochrome levels, we successfully introduced an oat PHYA gene into rice. We obtained several independent transgenic lines, three of which produced high levels of authentic oat phytochrome A chromoprotein. The introduced phytochrome A was degraded as Pfr at a rate similar to endogenous rice phytochromes and was biologically active as demonstrated by its ability to inhibit mesocotyl growth at lower than normal fluences of FR.
MATERIALS A N D M E T H O D S Plant Material
Rice (Oryza sativa, cv Gulfmont) was used in a11 experiments. Plants were grown to maturity at 27°C and 50% RH and illuminated with metal halide lamps (550 Fmol m-' s-l PPFD) under 14-h light / 10-h dark photoperiods. Seeds were surface sterilized and soaked in water for 2 d in the dark to synchronize germination. Etiolated seedlings were grown on water-dampened paper in the dark at 27°C. Green seedlings were grown in soil for 2 to 3 weeks at 27OC and illuminated by fluorescent lights under '14-h light / 10-h dark photoperiods. Green leaves were either harvested at the end of the light cycle or placed in the dark for 12 h before harvesting (dark adapted). For phytochrome degradation experirnents, etiolated rice seedlings were irradiated with continuous R from 40-W fluorescent bulbs wrapped with Rosco No. 26 cellophane (Musson Theatrical, Santa Clara, CA).
Rice was trmsformed by electric discharge particle bombardment of immature embryos as described by Christou et al. (1992) . The plasmid used for transformations was constructed by ligating a 5.3-kb ApaI/ Sal1 fragment, containing an oat PHYA-coding region and 3' untranslated regions under the control of the CaMV 35s promoter (Cherry et al., 1992) , into a ApaIlSalI-digested pBluescript I1 KS plasmid (Stratagene, La Jolla, CA) that contained the gene for HPT (Christou et al., 1992) . The 3' end of the PHY'4 gene and the 5' end of the HPT gene were proximal to each other. After transformation, hygromycin-resistant calli were used to generate transgenic plants as described by Christou et al. (1992) . Transgenic plants were analyzed for the production of oat phytochrome A by immunoblot analysis with polyclonal oat phytochrome antibodies (Shanklin, 1988) . Both hemizygous and homozygous T, lines were identified based on whether their T, progeny did or did not segregate for oat phytochrome A expression.
Phytochrome Extraction
Whole seedlings or leaves were pulverized in a mortar and pestle while frozen at liquid N, temperatures. The ground tissue was then homogenized with a Brinkmann Polytron in the presence of HB at a ratio of 3 mL HB/g tissue [HB = 67 mM Tris-HC1 (pH 8.3), 33% ethylene glycol, 93 mM (NH,)$O,, 7 mM Na,EDTA, 20 mM sodium metabisulfite, 4 I~M PMSF, 0.1% polyethylenimine (Cherry et al., 1991) ]. In the remaining steps of phytochrome isolation, samples were kept at O to 4°C. The crude extracts were clarified by centrifugation at 10,OOOg for 10 min, followed by filtration of the supernatant through Miracloth (Calbiochem). For spectral analysis, crude extracts were concentrated 3-to 30-fold by ammonium sulfate precipitation (0.26 g/mL) and resuspended in 50 mM Tris-HC1 (pH 7.8), 25% ethylene glycol, 5 mM Na,EDTA, 14 mM Z-mercaptoethanol, and 2 mM PMSF. Phytochrome levels were assayed spectrophotometrically by R minus FR dif ference spectroscopy (yielding AAA) using a Shimadzu (Kyoto, Japan) UV 3000 dual-wavelength spectrophotometer (Cherry et al., 1991) .
lmmunological Techniques
For immunoblot analysis of phytochromes, proteins were subjected to SDS-PAGE using 5% acrylamicle gels, electrophoretically transferred onto Immobilon P membranes (Millipore), and immunologically detected as de- scribed by Cherry et al. (1991) . To detect rice phytochrome, the monoclonal antibody O73D, which recognizes both oat and rice phytochromes, was used (Shanklin, 1988) . To detect oat phytochrome A specifically, the monoclonal antibody Oat-22 was used (Cordonnier et al., 1985) . Levels of rice phytochromes and oat phytochrome A were quanti-I tated in triplicate by sandwich ELISA using phytochrome purified from either rice or oat etiolated seedlings, respectively, as the standards (Cherry et al., 1991) . Polyclonal oat | phytochrome antibodies were used for capture in both cases. O73D and Oat-22 were used for detection of rice and oat phytochromes, respectively. Total protein was determined by the method of Bradford (1976).
Phenotypic Analysis
For phenotypic analysis of etiolated rice seedlings, seeds were incubated for 8 h on cotton wool saturated with distilled water to obtain homogeneous imbibition. Then, each seed was transferred to a clear plastic conical tube (10.3 cm in height, 1.4 cm in diameter) containing 1 mL of 2.2 g/L Murashige-Skoog salts (pH 6.5) and 0.8% agar and incubated in absolute darkness at 25°C for 4 d. Seedlings were then exposed to light treatments, and the lengths of coleoptiles and mesocotyls were measured 2 d later. Sources used for the light pulses and the Pfr/P calculations > were as described by Casal et al. (1991) . Subsaturating pulses of FR were used to obtain Pfr/P lower than 3%. Mesocotyl and coleoptile lengths were measured with a ruler to the nearest 0.5 mm.
RESULTS
To help understand the physiological functions of the various phytochrome isoforms in monocots, we generated transgenic rice that expressed oat phytochrome A. Zygotic embryos were transformed by electric discharge particle bombardment with a plasmid containing an oat PHYAcoding region and 3' untranslated region under the control of the CaMV 35S promoter and the HPT gene that confers hygromycin resistance. Of nine hygromycin-resistant seedlings, three produced high levels of oat phytochrome A. One of these T 0 lines, designated OPHYA, was examined in detail. It produced the greatest amount of the oat polypeptide as determined by immunoblot analysis and contained oat PHYA at a single locus because its Tj progeny segregated near 3:1 (72:29) for phytochrome A expression. T 2 progeny from both hemizygous and homozygous T, individuals were used for most subsequent experiments.
We confirmed that the OPHYA plants were expressing a full-length oat phytochrome A polypeptide by immunoblot analysis. Blots were probed with either the monoclonal antibody O73D, which cross-reacts with rice and oat phytochromes, or the monoclonal antibody Oat-22, which is specific for oat phytochrome A. Using O73D, we detected a rice phytochrome polypeptide of approximately 120 kD in etiolated, but not green, WT seedlings (Fig. 1) , consistent with observations that phytochrome A accumulates to high levels in etiolated plants but not in green plants (Wang et al., 1993 ). An additional phytochrome was detected in OPHYA seedlings; it was specifically recognized by Oat-22 and had a molecular mass indistinguishable from that of authentic 124-kD oat phytochrome A (Fig. 1) . Unlike rice phytochrome, this protein was easily detected in both etiolated and green seedlings and was more abundant in homozygous than hemizygous OPHYA plants.
In addition to containing the full-length oat phytochrome A polypeptide, the OPHYA plants also contained more spectrally detectable phytochrome than nontransformed plants, indicating that the introduced polypeptide bound chromophore and assembled into a R/FR-photoreversible chromoprotein in rice (Table I) . FR minus R difference spectra of phytochrome preparations partially purified from OPHYA plants had maxima and minima at 665 and 730 nm, respectively, and a spectral change ratio of 1.02. These spectral characteristics were indistinguishable from those of rice phytochrome A (Fig. 2 and Kay et al., 1989b) and authentic oat phytochrome A (Cherry et al., 1991) . In etiolated, green, and dark-adapted seedlings, more spectrally detectable phytochrome was present in homozygous than hemizygous OPHYA plants, consistent with the number of oat PHYA genes expressed.
Etiolated OPHYA seedlings hemizygous and homozygous for oat PHYA contained 2 and 3 times, respectively, more spectrally active phytochrome than WT seedlings (Table I) . When the amount of oat phytochrome A was quantified by ELISA, we could account for the increase in total phytochrome spectral activity solely by an increase in oat phytochrome A (Table I ). The total levels of phytochrome in both WT and OPHYA seedlings decreased approximately 100-fold during de-etiolation and reaccumulated during dark adaptation (Table I ). The decrease in oat phytochrome A levels in the light and its reaccumulation in Fig. 1 ). Homozygous OPHYA seedlings grown in the light contained 4 times more phytochrome than WT plants.
As predicted from the light-dependent loss of oat phytochrome A, we found that the oat chromoprotein was rapidly degraded in whole etiolated OPHYA seedlings in a Pfr-specific manner. When homozygous OPHYA seedlings were irradiated with continuous R, both total phytochrome (detected spectrophotometrically) and the oat phytochrome A polypeptide (detected by ELISA) were degraded with a half-life of approximately 20 min (Fig. 3) . This half-life was the same in coleoptile sheaths and primary shoots dissected from the OPHYA seedlings (data not shown) and was similar to that of rice phytochrome in WT seedlings (Fig. 3) . Although the majority of rice phytochrome was degraded (>90%) in 2 h and was undetectable after 6 h of continuous R (Fig. 3) , oat phytochrome A levels decreased approximately 67% in 2 h and persisted at that leve1 even after 24 h of continuous R ( Fig. 3; data not shown).
When grown under high fluences of white light, To and/or TI plants from a11 three rice lines expressing high levels of oat phytochrome A were not phenotypically different from WT plants. No effects on Chl content, plant height, leaf length, extent of tillering, and time of flowering were observed when the hemizygous To plants or the homozygous OPHYA plants were grown under noncrowded conditions ( Fig. 4 ; data not shown). However, differences in light responsiveness were observed between etiolated OPHYA and WT seedlings when they were treated with fluences of FR that generated a range of very low Pfr/P (0.26-3.0%). As observed previously in rice and other monocots (Pjon and Furuya, 1968; Mandoli and Briggs, 198l) , we found that both coleoptile and mesocotyl growth are inhibited by low fluences of R or FR (Fig. 5) . The response of coleoptiles is monophasic, having sensitivity to Pfr/P values typical of a classic LFR (Mancinelli, 1994) . In contrast, the response of mesocotyls is biphasic, having sensitivity to Pfr / P values characteristic of both VLFR (Mancinelli, 3994) and LFR. Oat phytochrome A did not alter the LFR of either mesocotyls or coleoptiles (Fig. 5) . It did affect the VLFR, as observed by the decreased growth of mesocotyls when the Pfr/P levels ranged between 0.26 and 3.0% in OPHYA plants (Fig. 5A, inset) . Within the VLFR range, inesocotyls of OPHYA seedlings were shorter than those of WT seedlings, indicating that the introduced oat phytochrome A was biologically active.
Dl SCU SSlON
Here, we describe the successful introduction of a functional phytochrome in a monocotyledonous plant. In this study, rice was stably transformed with an oat P H Y A gene under the direction of the CaMV 35s promoter. The oat P H Y A gene directed the proper assembly of a biologically active 124-kD chromoprotein in rice, as it does in a variety of dicots, including tobacco, tomato, and Arabidopsi:; (Boylan and Quail, 1989 Quail, , 1991 Keller et al., 1989) . Together, these results further demonstrate that the processes involved in chromophore attachment, correct folding of the holoprotein, and any other posttranslational process leading to an active photoreceptor are similar in monocots and dicots. The oat phytochrome A protein was rapidly degraded in rice upon photoconversion to Pfr, with a half-life of approximately 20 min, similar to that of phytochromes from etiolated rice seedlings. The similar breakdown rates imply that the proteolytic machinery involved in degrading Pfr recognizes equally rice and oat phytochrome A (Vierstra, 1994) . The only notable difference in the Pfr degradation kinetics between WT and OPHYA plants was in the levels of phytochrome remaining after prolonged R (Fig. 3) . Whereas <2% of the initial phytochrome pool remained at steady state in WT seedlings, approximately 33% remained at steady state in OPHYA seedlings. This difference is likely derived from the two promoters used to direct PHY transcription. As with PHYA genes from other monocots, expression from the endogenous rice PHYA gene is strongly feedback inhibited by Pfr (Dehesh et al., 1991) . This effect, combined with the rapid degradation of Pfr, leads to a very rapid decline in rice phytochrome A levels in rice seedlings during de-etiolation. In contrast, expression of oat PHYA in this study was under the control of the CaMV 35S promoter, the activity of which is not substantially affected by light (Cherry et al., 1991) . The higher steady-state level of oat phytochrome A likely reflected the balance between the higher rate of oat phytochrome A synthesis in R as compared with rice phytochrome A and the similar rates of degradation of the two chromoproteins as Pfr.
The phenotype of the rice seedlings expressing high levels of oat phytochrome A was indistinguishable from that of WT seedlings when grown under diurnal cycles of high-fluence white light even though the amount of spectrally detectable phytochrome was increased by up to 4-fold. This result is in contrast to those observed in dicots, in which oat PHYA expression, resulting in as little as a 2-fold increase in total phytochrome, substantially altered growth and development of green plants, most notably by increasing pigment content and inhibiting stem elongation Quail, 1989, 1991; Keller et al., 1989; Cherry et al., 1992) . This lack of phenotypic consequence from excess phytochrome A could be explained in several ways. One reason is that phytochrome A is not an abundant isoform required for photoperception in green rice plants grown under high-fluence white light. This is supported by the observation that phytochrome A may not be a major isoform in light-grown monocots as a result of rapid Pfr degradation (Wang et al., 1993) . Another reason is that rice may require more than a 4-fold increase in phytochrome A to significantly alter the phenotype of green seedlings. The use of promoters that are more active in rice than the CaMV 35S promoter to drive phytochrome expression may help in this regard (e.g. maize Ubil promoter [Cornejo et al., 1993] ). And finally, results with different cultivars of tobacco indicate that response to ectopic phytochrome A can be cultivar dependent (Nagatani et al., 1991b; Cherry and Vierstra, 1994) . Therefore, the rice cultivar used in this study may be insensitive to increased phytochrome A levels.
In contrast to our observations with green rice plants, oat phytochrome A was biologically active in etiolated seedlings, increasing the suppression of mesocotyl growth to very low Pfr/P values characteristic of VLFR. Expression of oat PHYA affected VLFR more than LFR, in agreement with PfrP (%) Figure 5 . The effect of various levels of Pfr/P on mesocotyl and coleoptile growth in WT (W) and transgenic rice homozygous for an introduced oat PHYA gene (OPHYA, O). Four-day-old etiolated seedlings were exposed to a brief pulse of either R or FR and returned to darkness for 2 d before measurements. Mesocotyl (A) and coleoptile (€3) lengths of the seedlings were expressed relative to the calculated Pfr/P produced by the various light pulses. The inset shows in detail the response elicited by very low Pfr/P (<3.0% Pfr/P). Lengths are expressed relative to those of dark-grown seedlings. Length (mm) of dark controls: mesocotyl, WT = 15 -t-2, OPHYA = 16 2 2; coleoptile, WT = 14 t 1, OPHYA = 13 t 1. Data reflect the means -t-SE of at least eight replicates.
the analysis of transgenic tobacco seedlings expressing high levels of oat phytochrome A (Casal et al., 1994) . The role of phytochrome A in mesocotyl growth is consistent with the high levels of phytochrome A in this tissue and the involvement of a light-labile form of phytochrome (which was subsequently identified as phytochrome A) in regulating elongation in etiolated monocot seedlings (Pratt, 1994) . The effect on etiolated seedling growth in rice is similar to that observed in various dicots in which increased levels of active phytochrome A suppress hypocotyl growth under FR (Casal et al., 1994; Quail et al., 1995) . Together, the results imply that phytochrome A is an important photoreceptor for controlling etiolated seedling growth under the very low fluences of light reaching the shoot before it emerges from the soil. Further analysis of PHYA-overexClough et al.
Plant Physiol. Vol. 109, 1995 pressing rice iind the creation of rice ectopically expressing the other PHY genes will clearly be essential to determine the physiological functions of the various phytochrome isoforms in monocotyledonous plants.
